ABSTRACT We extensively phenotyped 6000 Arabidopsis plants with experimentally perturbed DNA methylomes as well as a diverse panel of natural accessions in a common garden. We found that alterations in DNA methylation not only caused heritable phenotypic diversity but also produced heritability patterns closely resembling those of the natural accessions. Our findings indicate that epigenetically induced and naturally occurring variation in complex traits share part of their polygenic architecture and may offer complementary adaptation routes in ecological settings.
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T HE production of new heritable phenotypic variation is an essential aspect of evolution. It shapes the capacity of a population to adapt to environmental change and thus provides the raw material for natural selection. Our current view posits rare DNA sequence mutations as the primary source of this process (Ossowski et al. 2010) . In plants and animals, drastic changes in DNA methylation may provide a complementary route to novel heritable variants. Transient disruption of the DNA methylation maintenance machinery in the flowering plant Arabidopsis thaliana, for example, triggers the repatterning of DNA methylation states at thousands of loci and leads to the remobilization of some transposable elements (Vongs et al. Here we document such effects for a spectrum of complex traits relevant for adaptation and show that they produce heritability patterns resembling those found in natural populations that have undergone thousands of years of divergent evolution.
We examined a large panel of Arabidopsis epigenetic recombinant inbred lines (epiRILs) (Johannes et al. 2009 ) under ecologically realistic conditions. This population was derived from a cross between two parents with nearly identical genomes but highly divergent epigenomes as a result of a mutation (in one of the parents) in DDM1, a gene essential for DNA methylation and the silencing of repeat elements and some genes (Vongs et al. 1993) . After backrossing of the F 1 and selection of the progeny homozygous for wild-type DDM1, the epiRILs were propagated through six rounds of selfing and were found to segregate many of the epigenetic as well as a few nucleotide changes harbored by the ddm1 parent We grew 5724 epiRILs (477 lines · 12 replicates) along with their two parental lines (2 · 120 replicates) in a common garden (supporting information, Figure S2 ). For direct comparison, we also grew a collection of Arabidopsis natural accessions (10 ecotypes · 36 replicates). These accessions (An-1, En-1, Gr-1, Hs-0, Is-0, Jm-0, Ka-0, Nd-1, Per-1, and Sap-0) were chosen to sample the worldwide phenotypic diversity of this species (File S1). All plants (n 6300) were profiled for up to 10 complex traits ( Figure 1a and File S1).
We found significant broad-sense heritability (H 2 ) in the epiRILs for most traits (estimated from variance component analysis, see File S1). H 2 ranged from 4% for fruit size on primary branches to 30% for flowering time ( Figure 1a and Table S2 ). These estimates were consistent with a predicted polygenic architecture involving on the order of two to five quantitative trait loci (QTL) (Johannes and Colomé-Tatché 2011); the only exception was flowering time, for which a single-locus inheritance model could still not be ruled out (Figure 1b and File S1). In comparison to both of the parental lines, the phenotypic means of the epiRILs were closer to those of the wild type ( Figure S1 and Table S1 ). This agrees with the crossing scheme used to derive the epiRILs (backcross to wild-type base population) ( To understand the epigenetically induced heritable effects observed in the epiRILs in the wider context of natural variation, we compared the epiRILs directly with the panel of natural accessions grown in the same environment. Overall, the accessions revealed higher heritability for most phenotypes ( Figure 1a and Table S2), which was perhaps expected on the basis of their diverse geographical origins (see File S1). However, when we examined the distribution of heritability values across all traits, we found striking parallels between the epiRILs and natural accessions ( Figure 1a and Table S2 ). This observation is remarkable given that the latter have likely evolved independently from each other for thousands of years, whereas the epiRILs are the product of a single epigenomic perturbation event in a common founder eight generations earlier. A parsimonious explanation is that many of the QTL segregating in the epiRILs act through a heritable architecture that is common to both populations. This possibility is supported by the observation that the epiRILs and the accessions show significantly similar "genetic" correlations across all of the 10 traits (Mantel test: P = 0.0013). Whether the epiRILs QTL physically overlap with those previously mapped in Arabidopsis natural populations (Atwell et al. 2010), or present new entry points in a common regulatory network, remains to be seen.
Specific exceptions to the similarities between the epiRILs and the natural accessions were the relatively low heritability values in the epiRILs for seed production traits (i.e., the number and size of fruits) compared to all other traits ( Figure 1 , a and c, and Table S2 ). One hypothesis is that the initial epigenetic changes in the mutant parent did not affect loci involved in the control of these traits. This explanation predicts similar phenotypic means for the wild-type and mutant parents, which was clearly not the case (see Figure S1 and Table S1 ). The causative variants (or the phenotypic effects of these variants) therefore appear to have been lost at some later time during inbreeding. We find that this is unlikely the result of selection, to the extent that only 5 of 509 lines (0.8%) failed during epiRIL construction (Johannes et al. 2009 ). Hence, other mechanisms such as phenotypic buffering (Fu et al. 2009) or locus-specific epigenetic editing may be responsible. Irrespective of the underlying processes, the fact that heritable variation appears in this trait-specific manner in the epiRILs suggests that plants may have evolved mechanisms for exploiting epigenomic perturbation events that bypass the adverse effects of inbreeding depression.
In summary, our findings clearly demonstrate that transient perturbations of epigenetic systems can rapidly generate heritable variation for complex traits that is similar to that observed between divergent natural populations. Whether causative heritable variants produced in this way are the Supporting material:
Plant populations:
This study involved three different groups of plant material, i.e. the Col-wt and Col-ddm1 parental lines of the epiRIL population, the Col-wt epiRILs and 10 natural accessions. Seeds for Col-wt and Col-ddm1 parental lines were obtained as described in [1] . Construction of the Col-wt epiRILs has been fully described elsewhere [1] . Col-wt epiRILs correspond to the first subline of BC1-S5 (F7) plants. Due to few available seeds for some plant lines, 477 out of 505 Col-wt epiRILs were used in this study. To reduce maternal effects, seeds for the Col-wt and Col-ddm1 parental lines and the Col-wt epiRILs were produced in the same greenhouse conditions at INRA Versailles.
In order to compare phenotypic diversity between epiRILs and a set of natural accessions, we first con- 
Field experiment:
An experiment of over 6000 plants was set up according to a factorial randomized block design involving six blocks, where all combinations of two factors were included in each block. The first factor corresponds to the plant lines of each plant material group described above. The second factor corresponds to a density treatment simulating two levels of intra-specific competition, as previously described in [3] . The low-density (absence of competition) and high-density (presence of competition) treatments simulate two competitive environments frequently observed in natural populations of A. thaliana. Figure 2b) . The plants were watered for a week to ease the acclimatizing to common garden conditions. Vertebrate herbivores were excluded by two successive fences. Molluscicide (PhytorexJ, Bayer Jardin) was scattered across the common garden to prevent slug attacks.
Phenotyping:
We measured several quantitative traits that have been described as non-collinear and as related to adaptation in A. thaliana [2] . Since one block located at the edge of the common garden was invaded by Trifolium campestre in June, we were unable to collect the focal plants in this specific block. In the remaining five blocks, three architectural traits were measured on all focal plants: height from soil to first fruit, height of the main stem, maximal plant height. We note here that, in some epiRILs, we observed more resources allocation to primary branches than to the main stem. As a consequence, maximal height appeared to correlate poorly with the height of the main stem. For this reason, we chose to measure both traits seperately. Dry above-ground biomass expressed in mg was measured on all focal plants. In three randomly chosen blocks, four fitness-related traits were measured for all focal plants in the high-density treatment. We separately counted the number of fruits produced on the main stem and the primary branches on the main stem. Since the length of a fruit strongly correlates with the number of seeds contained within it [4] , we also estimated separately the fruit size (calculated as the average of three randomly chosen fruits) on the main stem and the primary branches on the main stem.
Heritability estimates (H 2 ):
Heritability estimates in this study focused on main effects by pooling plants from both density treatments.
Hence, let y i,j denote the treatment-adjusted (i.e. competition and block effect) phenotypic value for the jth plant of the ith line. Phenotypes were log2-transformed when deemed appropriate. We modeled the line-effect using a random intercepts model:
where β 0 is a common fixed intercept, b i is the random intercept of the ith line, z i,j is an index variable and i,j is the error. Assume that
, and cov( i,j , i,j ) = 0. Estimates were obtained by maximum likelihood (lme4 library in R, [5] ). We evaluated the line-effect by testing H 0 : Ψ 2 = 0 vs. H A : Ψ 2 > 0 via the likelihood ratio test. Broad-sense heritability was calculated as
Standard errors (SE) for H 2 were obtained using 3000 bootstrap samples (mcmcsamp function in R).
Estimates of the number of QTL:
Estimates of the number of QTL (N ) were obtained using [6] : 
where D is the parental mean difference,r = 0.44 is the average recombination fraction and τ is the average transgression potential between the parents. In this approximation we assume full stability of induced (epi)alleles. This assumption could be relaxed to account for possible reversion of epialleles or other timedependent behaviors [6] . The standard errors (SE) were obtained using a nonparametric bootstrap approach.
Average estimates of the number of QTL and H 2 :
For Fig. 1C we calculated the average number of QTL and heritability for two different trait categories. Let E j denote the estimate (either for heritability or QTL number) for the j th of n traits. The average iŝ
where w j is a sample size weight w j = N j / j N j . To obtain the standard errors (SE) ofÊ, we calculate σ(Ê) 2 . We approximate this quantity using
Since the genetic correlations between traits are only modest, the terms cov(Ê j ,Ê i ) are negligible. The variance terms σ(Ê j ) 2 (j = 1, ..., n) are obtained from 3000 stratified bootstrap samples.
